A new star sensor for a microsatellite was developed for accurate and reliable attitude detection. Microsatellite RISING-2, which was launched on May 24, 2014, has raised some issues with regard to the functionality of its star sensor. It is confirmed that white spots caused by space radiation and the stray light of sunshine induce a false detection of the satellite's attitude, which imposes significant limitations on satellite operations. To make improvements, the brightness value of the picture was studied. This paper proposes avoidance algorithms for white spots and stray light. The effects of these algorithms were validated to process the flight data from RISING-2 in a software simulation. The soundness of the star sensor is indicated via attitude detection tests against several star patterns using real flight images taken by RISING-2. Thereafter, avoidance algorithms were integrated in a newly developed processing board. In this board, the avoidance algorithm for white spots was composed using both a hardware logic filter and a software filter. The avoidance algorithm for stray light was expressed using only a software filter. During the programming of these algorithms, the functionality of the satellite's attitude detection was verified in a generic test environment. This system displays the entire sky view of stars on a monitor and enables attitude detection tests for all star images regardless of time or location. As a result, the satellite's attitude was detected normally by this board. Finally, the effectiveness of the software filter for the avoidance algorithm for white spots was confirmed by using sample photographs, including those with white spots.
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Background
Star sensors play a significant role in determining the accurate attitude and control of a spacecraft. In recent years, the fine attitude determination required for microsatellites has increased the demand for small star sensors.
1) Microsatellite RISING-2, which was launched on May 24, 2014, has two star sensors developed by our research team.
2) After RISING-2 was launched, we succeeded in acquiring some pictures of stars and in detecting the satellite's attitude. Now, experiments in orbit are continuing for acquiring more flight data. The flight data from RISING-2 showed that the satellite's attitude was detected normally in eclipse areas; however, in sunshine areas, the attitude detection was difficult to achieve using our star sensor because the picture turned gray as a consequence of stray light.
3) Additionally, it was confirmed that the acquired pictures had some white spots. Generally, an imaging sensor is damaged by space radiation, and the number of white pixels increases with the lapse of time. 4, 5) As white spots behave like stars in the RISING-2 star sensor, false attitude detection often occurs when the number of white spots increases. Therefore, if the influence of white spots can be reduced, a long operational life for the satellite will be guaranteed. Moreover, an avoidance algorithm for stray light will lead to an expansion of the attitude detection range.
However, the RISING-2 star sensor had no provision against stray light or white spots. It is necessary for the next star sensor to include an avoidance algorithm for stray light and white spots.
Currently, the next processing board for the star sensor has been developed to overcome these issues. This board is based on the architecture of RISING-2. In RISING-2, star-sensor processing is carried out in the attitude control unit, which processes the command and data handling for the attitude control system and calculates the attitude control law.
6) The new board specializes only in functions related to attitude detection by means of star images.
Moreover, in our laboratory, a star simulator was developed for realizing an efficient star sensor. Usually, attitude detection is required to capture star images in the night sky. 7, 8) However, as this test depends on time and weather, an indoor test bench was set up to verify the attitude determination and the centroid computation method.
This paper describes the star sensor system and its developing environment. Thereafter, it is illustrated that avoidance algorithms for white spots and stray light are effective for use with the flight data from RISING-2. Finally, the performance of the white-spot avoidance algorithm is evaluated by utilizing the star simulator.
Star sensor System
The system is refined on the basis of prior performance. System functionality is expanded to solve certain issues. The memory capacity is increased to extend its functionality. The main processor is the Virtex-4 FPGA manufactured by Xilinx. This system clock is 40.0 MHz. Figure 1 shows the new processing board. A charge-coupled device (CCD) module manufactured by Watec Co., Ltd., is utilized as the camera module. Its image resolution is 659 × 494 pixels. This camera was used in the telescope and star sensor of RISING-2. Figure 2 shows a system block diagram. The control board has three static random-access memories (SRAMs). SRAM-A0 and SRAM-A1 are used for saving images. SRAM-B contains star catalog data. Although saving the image is carried out by only SRAM-A0, SRAM-A1 operates as a redundant component. The star catalog data and the camera parameters are stored in a flash read-only memory (Flash ROM). The catalog data is transmitted to SRAM-B when the system is powered on. The camera parameters are applied simultaneously. This system has two Flash ROMs. As each Flash ROM is utilized exclusively, the other operates as a redundant memory if one Flash ROM is active. The RS422 standard is used for external communication. The baud rate is 115.2 kbps.
Internal system of FPGA
The Virtex-4 main processor has a PowerPC405 as its internal CPU core. The star sensor uses IP cores and the CPU core. The IP cores are supplied by Xilinx, but part of the core module was built by our team. The internal system of the FPGA is shown in Fig. 3 . The brightness value data of the image passes through the filter of the star image detector and is transmitted to the SRAM. The image data is transmitted using an FPGA hardware logic. During transmission, the CPU cannot access SRAM-A. 
Mode transition
This star sensor has several working modes. Figure 4 shows the mode transition diagram. Power-On Mode occurs during transition to Standby Mode after the star sensor turns on. In this mode, star catalog data and camera parameters are transmitted to the SRAM from the Flash ROM. Standby Mode enables all functions except functions for debugging. In the debugging mode, camera parameter setup, mode transition, and functional testing can be conducted. In Internal-Sync Mode, the photography, attitude determination, and transmission of House Keeping (HK) data is carried out while synchronized with the internal system clock. The cycle length can be set by an external command. PPS-Sync Mode is carried out in synchronization with the Pulse Per Second (PPS) signal. Similar to Internal-Sync Mode, data is transmitted synchronously. If a PPS signal is not detected, the mode state transits to Standby Mode, which is based on the error counter value. The error counter is reset when a PPS signal is captured. Debug Mode is used for reading/writing of the Flash ROM, the transmission of dummy data to the SRAM, and new function tests.
Overview of Star Simulator
The star simulator is a test bench for the evaluation of attitude determination functionality of star sensors. This system enables us to evaluate the function of the star sensor at arbitrary times and directions.
Optical architecture
The star simulator has a liquid crystal display (LCD) and a moving stage. The LCD shows pseudo stars from the star catalog. Figure 5 shows the appearance of the star simulator. The position of the star sensor is fine-tuned by the XYZ moving stage. 
Display method
Star images are displayed based on the RA (Right Ascension) and DEC (Declination) written in a star catalog. The display method is modified from previous gnomonic projection methods in order to reduce projection errors.
3) The new projection method is the perspective projection method. In this method, stars are arranged in 3D space. A star's position is calculated by Eq. (1):
The target direction is computed by the target RA and DEC. The transformation matrix is described by Eqs. (2) and (3):
Displayed star images are changed in relation to the focal length and the displayed window size. The attitude is detected by the star sensor only when an adequate value is set. This requires a suitable window size because the focal length is used in the measured value. The window size is determined by the distance between the CCD surface and the monitor surface. However, it is difficult to measure its distance precisely. Therefore, a sample image such as the one shown in Fig. 6 is taken by a star sensor. The distance ratio of a dot from the central point between the original image and the taken image equals the ratio between the CCD size and the window size. The window size is computed by Eqs. (4) and (5): 
Avoidance Algorithms for Disturbance Factors
Features of white spots
White spots are caused by increasing dark current that results from radiation energy. Therefore, white spots do not disappear even if the power is turned on and off. When the number of operational days in orbit was increased, it was confirmed that the number of white spots also increased. Figure 7 shows the transition of the number of white spots in the flight data from RISING-2. The number of white spots rises and falls in a short span. This is thought to be the result of pixels disappearing owing to self-repairing and changes in their brightness values. A feature of white spots is that they occur randomly, and their brightness values depend on the exposure time. Figure 8 shows a typical histogram of a star image and a white spot in a 3D graph of the brightness values in the detection window. The pictures are in 8-bit shades of gray. These figures show a magnified view, which is a 5 × 5 detection window of the stars. In the star image, the brightness values change smoothly in the window. On the other hand, in the case of white spots, the brightness value of the center pixel projects much farther when compared with the surrounding values. A common feature between the star image and white spots is the existence of a peak in the center pixel. For that reason, although the false detection of noise caused by the output gain is prevented by a threshold, white spots are detected as star images because the brightness values of white spots are projected from the surrounding pixels.
The result of an analysis is shown in Fig. 9 using a conventional star-detection algorithm. In Fig. 9 , circles indicate the candidate positions of star images, and rectangles indicate the correct star-image positions. The threshold count of detection was 40. From this result, the number of correct star images was 10. However, 243 candidates for stars were detected; they were expected to be white spots. It is difficult to distinguish between white spots and correct star images by using previous algorithms. 
Avoidance algorithm for white spots
From these features, it is assumed that the issue is the detection method for a star image with the condition that the central pixel has a peak. Accordingly, to improve the performance of the star sensor, a method in which white spots are removed and only star images are detected is needed.
This method is focused on the difference in the distribution profile of a brightness value in the detection window between a star image and a white spot. A block diagram of the star image detection process is shown in Fig. 10 . In this process, a hardware logic filter and software filter are used to discriminate and remove the white spots. 
FPGA hardware logic filter
A hardware logic filter is focused on the difference in brightness values between a central pixel and the surrounding pixels. In the white spot, the brightness value of the central pixel is significantly higher than the surrounding values. However, the difference in brightness value for a star image is smaller than that for white spots. Accordingly, for a white spot, the following is assumed.
The white spot is a pixel where the brightness value of the central pixel in the detection window is higher than the total brightness value of the four neighboring pixels. When each pixel in the detection window is defined as shown in Fig. 11 , the judgment condition is Eq. (6) . If the condition is satisfied, the central pixel is assumed to be a white spot. This conditional judgment is carried out simultaneously with the threshold judgment and peak detection. If a pixel passes through these three filters, the position of the pixel in the picture is stored in FIFO. 
CPU software filter
It is expected that the hardware logic filter does not work when the brightness value of a white spot is low. Therefore, a software filter is introduced in the CPU. In this filter, white spots, which passed through the hardware logic filter, are detected and removed more accurately than the hardware filter.
Usually, when pictures of deep space are taken, the brightness values except for the star images are, in theory, zero. However, the brightness value is actually higher than zero because some noises are included in the acquired pictures even when a picture is captured from deep space. In other words, it is considered that a white spot is surrounded by neighboring noise pixels. The software filter judges whether ambient pixels have a lower noise value than candidates for the star image.
Constant CCD noise is supposed. This is white Gaussian noise, which is expressed by average and standard deviations. The threshold by which to judge a noise pixel is described by Eq. (7).
If the brightness value is lower than this threshold, the pixel is a noise pixel. This conditional judgment is carried out against only eight pixels, which are shown in Fig. 11 as shaded sections. The central pixel is recognized as a white spot only when these sections satisfy the judgment condition. If a candidate is a correct star image, it is considered that this assumption ends in failure because the surrounding pixels influence the central pixel.
Feature of stray light
The star sensor for RISING-2 has a CFRP (Carbon Fiber Reinforced Plastic) baffle to cut stray light. In addition, two star sensors were installed to avoid sunlight or Earth-reflected light during the nadir pointing attitude control mode. However, the star images, including images with stray light, were visible in the acquired pictures because of reflected light at the edge of the side panel. Figure 12 (a) is an original picture from the orbit, and (b) shows an analysis result using the detection algorithm for RISING-2. 
Avoidance algorithm for stray light
This avoidance process is conducted using only software in the CPU. However, the detection interval increases significantly whenever an attitude detection is processed. Therefore, when star images are completely detected by the hardware logic filter, it judges whether the avoidance process for stray light is needed, and then the type of software processing is determined. Figure 13 shows a flowchart of the stray-light avoidance process. First, in this chart, a brightness value average for a full image is acquired. Second, it is judged whether the average is higher than threshold of the star-image detection. If the average is higher than the initial threshold, the threshold is reset to the first threshold. If not, it is judged whether the absolute value of the first threshold is lower than an arbitrary coefficient, and the threshold is reset to the second threshold. The first threshold and second threshold are computed by Eq. (8)-(10). The CCD height is 494 pixels, and the width is 659 pixels. Third, all pixels are scanned in a 5 × 5 window. Fourth, it is judged whether the average brightness value inside a window is higher than the set threshold. If the average is higher than the threshold, the average value is subtracted from all pixels inside the window. If not, the brightness value is maintained as the status quo. Finally, the avoidance process for white spots and a centroid computation are carried out. However, in this case the avoidance process for white spots is computed by the CPU using the hardware logic filter algorithm. 
Simulation Results of Avoidance Algorithm
To verify the two algorithms, a simulation of attitude detection was executed by using the flight data from RISING-2 with Microsoft Visual Studio 2013 Professional and OpenCV 3.0.0. The star catalog includes stars down to fifth magnitude.
Results of white-spot avoidance
A filtered image taken on December 16, 2014, is shown in Fig. 14. The red circles indicate candidate star images passed through the hardware logic and software filters. Candidate stars are the recognized stars after they pass through the filters. The yellow rectangles indicate the true star images. The blue circles denote the white spots. The green circles are candidate star images passed through only the hardware logic filters. From this result, it can be seen that the final candidate stars marked with red circles are all correctly detecting the true stars, whereas some of the true stars were not detected. Table 1 lists the analysis results for other images. The table shows that the number of candidate stars decreases drastically when the hardware logic and software filters are applied. Next, the attitude was computed from the obtained candidate stars. Table 2 shows the results of the attitude detection process. The detected attitude was correct in 99.8% of the examined cases. The number of correct attitude detections was improved by applying the hardware logic and software filters. If these filters were not applied, the attitude could not be computed because there were too many candidate stars. These filters were able to remove the numerous white spots. As a result, the attitude was detected. However, on July 11, 2014, a false detection occurred once; this false detection is listed in Table 2 . It is considered that this issue was caused by a bug in the RISING-2 star sensor that shifted the detected position of the star image by approximately 1/4 of a pixel. When the bug was removed, the false detection no longer occurred. Hence, it is considered that this process is effective in removing white spots and leaving true stars as candidate star images.
Results of stray-light avoidance
The application results are listed in Tables 3 and 4 . In Table 3 , candidate stars are the stars passed through the stray-light avoidance algorithm. Candidate stars include some white spots. Detected stars are the stars among candidate stars being found also in the star catalog. From this result, the number of candidate stars is not stable. The number of candidate stars exceeds the number of true stars because of the emulator in the hardware logic filter. The hardware logic filter cannot remove all of the white spots. Nevertheless, it is not adequate to utilize both the hardware logic filter and the software filter because the software filter may remove the true stars when this algorithm is used.
The results of the attitude detection indicate that it can succeed with a probability of approximately 90%. It is considered that the pictures that include stray light can be utilized for attitude detection. However, this algorithm has some issues in that white spots with low brightness values remain as candidate stars, and a false detection sometimes occurs. Moreover, as this algorithm is a complex process for an FPGA, it should be improved for high-speed processing. 
Functional Test Using Star Simulator
In sections 4 and 5, the proposed algorithms were verified via software simulations. This section illustrates the evaluation method and results of the software filter after it is installed on the developed processing board. This processing board has a function in which it can receive image data from other devices in the SRAM. As the stored data in the SRAM are recognized in the same way as image data from a camera, this data can be used for further processing for the functional evaluation. Using this function, the avoidance algorithms for white spots and stray light can be verified. Nevertheless, the hardware logic filter cannot be used because none of the photo data pass through the hardware logic filter.
To evaluate the software filter in the processing board, an attitude detection test was executed. However, in a test environment on the ground, it was difficult to enter the white spots and stray light in the image sensor. In order to evaluate the avoidance algorithms using the processing board, two tests were conducted.
First, the effectiveness of the software filter was validated by using the flight data from RISING-2, which included white spots and stray light. As a result, the filter could obtain results that were similar to those from the analysis conducted in the PC simulation. Hence, it was confirmed that the software filter algorithm performs normally in the new processing board.
Second, the limitations of the white-spot avoidance algorithm were verified by sample photographs. Figure 15 shows this test configuration. The sample photographs included some white spots that were single-pixel white dots. The original photograph was obtained in order to take a star image to be displayed in the star simulator. The white spots were added randomly by the software applications Visual Studio 2013 and OpenCV 3.0.0. The number of white spots was changed every 1000 spots. Figure 16 shows the photographs in which 1000 and 6000 white spots were added. Table 5 lists the analysis results. From these analysis results, the attitude detection succeeded until the test reached 5000 white spots. In the case of 6000 white spots, stars were recognized as dark noise because the threshold was higher than the brightness values of the stars. From Fig. 7 , it is expected that the white spots will increase approximately 1000 spots every year. Hence, it is considered that this algorithm enables the extension of the sensor's lifetime to five years. 
Conclusion
This paper illustrated avoidance algorithms for white spots and stray light to improve attitude detection using a star sensor. The white-spot avoidance algorithm focuses on the difference in appearance between stars and white spots in a photograph. In the stray-light avoidance algorithm, stars are extracted after removing the influence of stray light based on a threshold for star detection. To evaluate these algorithms, some photographs taken by the RISING-2 star sensor were analyzed by using these avoidance algorithms. As a result, it was confirmed that the proposed algorithms were effective in detecting the true stars using a PC for analysis. Furthermore, these algorithms were implemented in a newly developed FPGA processing board. During functional tests, the white-spot avoidance algorithm proved to be effective for an image in which 5000 white spots were added. Although the stray-light avoidance algorithm was proven effective for flight data in areas with sunshine, this method required a long processing time to determine the attitude. Thus, a fast processing method is needed for practical use. These algorithms will be used during an orbital experiment in the future.
